The analytical expressions for trap filled limit voltage (V TFL ) and current-voltage characteristics for non-zero organic Schottky barrier are derived theoretically. The theoretical results are validated experimentally. In this case, the injected free charge carrier density at the contact is not infinitely large but a finite number p(0). For an exponential distribution of traps the maximum possible number of traps that can be filled in a sample is 
Introduction
Organic electronics has emerged as a revolutionary area of research due to its potential application in the next generation solar cells, displays, transistors, lasers and other devices [1] [2] [3] [4] [5] . Current flow through such devices determines the performance of the devices. The current-voltage (J -V ) characteristics of insulators (including organics) containing traps were modelled by Mark and Helfrich [6] . For the exponential distribution of traps in energy space the following J -V relation, known as power law, was derived:
where q is the elementary charge, µ is the carrier mobility, ε and ε 0 are dielectric constants of the material and permittivity of the free space, respectively, d is the sample thickness, H b is the total trap density, N v is the effective density of states and l = T c /T , where T c is the characteristic temperature of the trap distribution. This equation has been used extensively to interpret the experimental J -V data in conjugated polymers and several other large band gap inorganic materials [7] [8] [9] [10] . Equation (1) is based on two assumptions: (i) the injecting contact is Ohmic (i.e. the Schottky barrier is zero) and the contact is capable of injecting infinitely large concentration of charge carriers (the Schottky barrier is illustrated schematically in figure 1 ), (ii) the free charge carrier concentration (p(x)) is negligibly small compared with the trapped charge carrier density (p t (x)).
In early work (in the 1970s and 1980s) the experiments were generally performed at relatively low voltages and these approximations were valid for a good approximation. In modern technology these two approximations put severe restrictions on the usefulness of this equation. Jain et al [11] demonstrated that at very high voltages p(x) does not remain negligible compared with p t (x). In this case, an analytical solution cannot be obtained thus equation (1) does not remain valid and the continuity and Poisson's equations are solved numerically. The numerical calculations were made on the assumption that the Schottky barrier is zero. Recently Jain et al [12] have developed an analytical model, which gives J -V curves at high voltages beyond the trap filled limit (TFL). The model also yields an expression for the TFL and the voltage (V Mott ) at which Mott's V 2 law becomes valid. The post-TFL J -V curves become independent of the trap distribution in the energy space. The model is important because J -V curves at high voltages can now be interpreted using this model. However, this model also uses the boundary condition that the Schottky barrier is zero. In most electrode materials and organics used in organic devices, the injection Schottky barrier (φ B ) is not zero [13] [14] [15] [16] [17] . In a typical case of MEH-PPV and ITO the value of φ B is 0.4 eV [18, 19] . Schottky barriers in some of the other metal-organic combinations, commonly used in the literature, are shown in table 1. We present here the analytical model for the V TFL and the J -V characteristics beyond it, for a Schottky diode with a non-zero injection barrier.
Theory

Maximum value of p t
We report here the solution of J -V characteristics and TFL by taking into account the effect of free charge carrier density and the non-zero Schottky barriers. The traps are assumed to be exponentially distributed in the energy space. Eliminating p(x) between the continuity and Poisson's equations and integrating for field F over the thickness d we obtain
where F (0) and F (d) are the electric fields at the injecting contact at x = 0 and at the exit contact at x = d, respectively. Note that equation (2) contains a definite integral, which is equivalent to using a boundary condition that at x = 0, the field is F (0) and p(0) is not infinity, as taken in the earlier paper [11] . F (0) can be obtained from the equation
Equations (2) and (3) are solved for given currents J . The corresponding voltages are calculated using the boundary condition
The complete J -V characteristics are obtained by solving equation (2) along with equations (3) and (4), numerically. The maximum free charge carrier density that can exist at any point inside the sample will be p(0). We assume that the traps below the Fermi level are filled and the ones above it are empty. The Fermi level is determined by the density of free carriers, which cannot exceed p(0). To obtain the maximum number of traps that can be filled at any point x, we determine the Fermi level corresponding to p(x) = p(0) using the Boltzmann statistics. The error caused by the use of Boltzmann statistics is discussed later. Following the method of Mark and Helfrich [6] , the maximum number of traps that can be filled in a sample is obtained by
The voltage at which H b is filled is now the TFL (V TFL ). It is seen from equation (5) We assume that at any point x, free carrier (holes in the present case) concentration p(x) is a unique function of applied voltage and it determines the Fermi level (E f ) by the following F.D. formula [20] :
Here N v is the effective density of states, k is the Boltzmann constant and T is the absolute temperature. E f is measured from the valance band edge. For low carrier density and/or high temperature equation (6) reduces to
For an exponential distribution of traps with 0 K approximation, the number of traps that are filled is given by the integration of the trap distribution from E f to ∞ [21, 22] ,
Note that the upper limit of the integration used in deriving equation (8) should be the conduction band edge (E c ); however, we have used ∞ as the upper limit of integration. Numerical calculations show that on this account the error in p t is quite negligible. Using ∞ as the upper limit it becomes possible to get the analytical solutions. The value of p t is obtained by eliminating E f [21] from equations (7) and (8),
Here l = T c /T . (6) and (7). The solid curve is for the values calculated from equation (7) and the dashed curve represents the values calculated from equation (6) . Inset (a): solid curve represents the variation of the correction factor F C with p and solid circles are for the empirical relation equation (10) . Inset (b): variation of p t and p t with p. Note that the difference in p t and p t decreases with decrease in p.
We calculated E f numerically from equations (6) and (7) for different values of p, as shown in figure 3. For these calculations N v used is 10 19 cm −3 . The values of E f calculated from equation (6) are shown by the dashed curve while the solid curve represents the values calculated, using equation (7). It is seen that for p > 1 × 10 18 cm −3 the Fermi energy (E f ) from equation (6) is less than that from equation (7). At very large carrier concentration, for example p = 7.5 × 10 18 cm −3 , the Fermi energy from equation (7) is about 11 times that from equation (6) . If E f is not several kT away from the band edge equation (6) becomes necessary to determine E f for a given concentration of free carriers.
As we change from equation (7) to equation (6) the Fermi level E f decreases for the given p, i.e. the Fermi level comes closer to the band edge. Now it is obvious that the use of F.D statistics will give a larger value of p t (see equation (8)). Therefore to get the correct value of p t from equation (9) we will have to increase the free carrier concentration p. The advantage of this procedure is that we can still use the expression equation (9) provided we use the 'fictitious' value of p as a mathematical artifice. Let us consider p f as the new value of free carriers and define F C as the correction factor equal to p f /p. The correction factor F C can be calculated using a polynomial F C of the form
F C has been obtained by the numerical fitting with F C . A comparison of computed calculations for F C and F C for different values of p is shown in the inset (a) of figure 3. Note that this empirical relation is suitable only when the Fermi level is in the band gap or touches the valance band. Once the Fermi level enters the valance band this relation does not remain valid. We can write the value of p f in terms of p as
Therefore, the correct value of p t can now be obtained by replacing p with p f in equation (9) . Let p t be the correct value of the filled traps. Then,
In this way the calculated values of the filled traps using equations (9) and (12) for different values of p are shown in the inset (b) of figure 3 . The values of the parameters used for these calculations are T c = 1200 K, T = 300 K, H b = 10 18 cm −3 and N v = 10 19 cm −3 . It is concluded that the use of equation (7) introduces an error in p which is maximum when the Fermi level touches the valance band and it comes out to be ∼30%. The error decreases rapidly as the Fermi level moves away from the valance band. It is also to be noted that the error, introduced by the use of equation (7), in the calculated filled traps increases with the free carriers till all the traps are actually filled. For free carrier density 7.67 × 10 18 cm −3 the error in p t comes out to be only 6.93%, which decreases with the increase in l (T c /T ). For l = 20 the error in p t reduces to 1.35%. Although the correction in p t at room temperature is small, the accuracy in application of equation (9) improves rapidly as temperature decreases. At very high carrier concentration when the Fermi level goes into the valance band no further error in p t will be observed as all the traps are filled and p t has reached its saturated value H b . Once all the traps are filled, J -V characteristics will not be in error due to the use of equation (9).
Trap filled limit voltage for finite charge carrier density
We now discuss the case when the traps H b are already filled. In this case Poisson's equation is given by,
Let us consider three dimensionless variables: distance (w), field (u) and potential (v) as
and
Integrating Poisson's equation (13) and using equations (14) and (15) we get
where C is the constant of integration. We have introduced the constant of integration C to account for non-zero electric field at the junction. Using the boundary condition that at x = 0, w = 0 and u = H b /p(0), C comes out to be
By integrating equation (14) and using equation (16) we get,
Let us use a subscript a to represent the values of w, u and v at x = d. Now in terms of u a , w a and v a , equations (17) and (19) are written as
Now the values of J and V can be calculated for the different values of u a using the following equations:
The current and voltage can be represented in the reduced units as
Equations (20) and (21) will provide the following explicit J -V relation:
This result provides complete information about the J -V characteristic in the whole voltage range. The relation between J and V at lower and higher values of voltages can be obtained for higher and lower values of u a , respectively. The value of (1), the solid curve is a result of the new model, equation (22) . The solid curve with symbols is obtained by numerical calculations without using any approximation. Note that the numerically calculated curves and plot of equation (1) (14)). For large values of u a , v a /w 2 a will tend to 0.5 and V will tend to
This is the voltage at which the maximum possible traps are filled and we call it the trap filled limit voltage (V T F L ). Figure 4 shows the plot of equation (22) (solid curve) along with the plot of equation (1) and the numerically calculated J -V curve using equation (2) .
The dashed straight line represents the plot of equation (1) while the solid curve with circles is the numerically calculated one. The dashed-double dotted and dashed-dotted lines represent the V 2 and Ohm's laws, respectively. The values of the parameters used in the calculations are given in the caption of the figure. It is very clear from figure 4 that at low voltages the numerically calculated plot agrees well with that of equation (1) . As the voltage increases the numerically calculated plot deviates from equation (1) and approaches the V 2 law. The numerically calculated follows the V 2 law for a considerable range of voltage. As the voltage increases further it again deviates from the V 2 law and approaches Ohm's law asymptotically. It is a very important result, which reveals that at higher voltages the J -V curves may approach the V 2 law but for a non-zero Schottky barrier the curves will ultimately reach Ohm's law. The solid curve is practically vertical up to almost 10 −5 A cm −2 , which represents almost zero current up to 0.24 V. The interpretation of this curve is as follows. Each applied voltage can support only a fixed amount of charge in the material. The fixed charges H b (filled traps) produce a voltage, which opposes the applied voltage. At V < 0.24 V the free carriers cannot spread and do not constitute a current. The voltage generated by the fixed charges is equal to V TFL . When the applied voltage exceeds V TFL (0.24 V, in the present case) the current begins to flow and, as mentioned earlier, it follows Mott's V 2 law but within the asymptotic limit as voltage tends to infinity the curve goes to Ohm's law. It is very important to note that the occurrence of the V 2 law depends on the values of p(0) and H b . If p(0) is less than H b , the V 2 law will not be observed and the post-TFL curve will directly reach Ohm's law. These cases are discussed below in detail and analytical expressions for the V 2 law and Ohm's law have also been derived successfully.
The (17 ) will give
Similarly the expansion of equation (19 ) will give
Now putting the values of w a and v a from equations (24) and (25) in equation (22), we get
Now for large values of V , u a will tend to H b /p(0), which is less than 1. As u a tends to H b /p(0), let us consider the case when u a is less than 1 but much more than H b /p(0). In this case equation (26) will give
When the values of u a are less than 1, equation (17 ) will give u a = (2w a ) 1/2 and ultimately equation (27) will give
which is the well-known Mott's V 2 law. Now when u a becomes equal to H b /p(0), equation (26) gives
This is the well-known Ohm's law. Equations (28) and (29) reveal that after the traps are filled, the current will first 
and Putting the value of w a and v a from equations (30) and (31) in equation (22) we get
This is Ohm's law. Therefore for higher values of applied voltages the current tends to Ohm's law. Figure 6 shows the plots of equation (22) for Ohm's law, w a and v a will be given by
Putting these values of w a and v a in equations (20 ) and (21 ), the solution gives
which is Ohm's law in reduced units. A similar relation can also be obtained using equations (24) Now putting these values of u a and w a in equations (20 ) and (21 ), the solution gives
which is the universal V 2 law in reduced units. 
Experimental details
To validate the theory, the J -V characteristics of the Schottky diodes based on two different conjugated polymers MEH-PPV and P3HT with non-zero injection barriers are studied and reported here. Diodes were fabricated in hole only ITO/PEDOT : PSS/polymer/Au structure. The pre-patterned ITO coated glass substrates (resistivity ∼18 / ) were cleaned via a standard cleaning process and exposed to oxygen plasma for 5 min. PEDOT : PSS (Aldrich) was spin coated at around 1000 rpm on the ITO substrates and cured at 100
• C for 1 h in vacuum. MEH-PPV and P3HT (Aldrich) were dissolved in ortho-dichlorobenzene and sonicated for 1 h at 50
• C. The polymer content of the solutions was 15 mg ml −1 . These solutions were spin coated over the PEDOT : PSS coated ITO substrates and cured at 120
• C in a glove box in inert atmosphere for 10 min. The final thicknesses of the P3HT and MEH-PPV layers (as measured from capacitive calculations) were ∼99 nm and 80 nm, respectively. Finally thick gold electrodes (500 nm) were thermally deposited in vacuum at 4×10 −6 Torr, over the polymer layers through shadow masks that defined the area of the diodes to be 0.08 cm 2 for both the diodes. The J -V characteristics of the devices were measured using a Keithley 2400 Source measure unit, interfaced with a computer.
Results and discussion
We have discussed the temperature effects on the J -V characteristics of MEH-PPV earlier in [7] . In this paper we concentrate on the interpretation of high voltage J -V data including the determination of TFL and post-TFL J -V curves at room temperature. The experimental J -V characteristics of the MEH-PPV and P3HT diodes have been shown by symbols in figure 8 . The dashed line is for Ohm's law (equation (32)). Note that at higher voltages the experimental data have a slope of less than 2 and approaches Ohm's law. No V 2 dependence of the current has been observed in the experimental data for both the diodes. Therefore from the absence of V 2 dependence and Ohm's law approach of the experimental data, it can be inferred that the diodes have non-zero injection Schottky barriers and the total trap density (H b ) is more than p(0). A comparison of the MEH-PPV and P3HT diodes data with the present theory is shown in figures 8(a) and (b), respectively. The solid curve represents the numerically calculated J -V characteristic using equation (2) , the dashed-double dotted curve is the plot of equation (22) and the dashed-dotted line is the plot of equation (1) . At low voltages both the numerically calculated curve and the plot of equation (1) overlap. As voltage increases to higher values the calculated curve deviates from the plot of equation (1) and bends down. Within the limit of high voltages the curve approaches Ohm's law. At low voltages experimental data show Ohmic behaviour, which can . The injection Schottky barrier corresponding to the above value of p(0) has been calculated to be 0.12 eV, which is in good agreement with the difference of work function of PEDOT : PSS and HOMO of MEH-PPV [18, 19] . Similarly the injection Schottky barrier corresponding to the p(0) for the P3HT diode has been calculated to be 0.195 eV, which is in good agreement with the difference of the work function of PEDOT : PSS and HOMO of P3HT [19] . The values of V TFL for the two samples of MEH-PPV and P3HT have been calculated to be 9.63 V and 5.45 V, respectively. Beyond the V TFL experimental data agree well with equation (22) . The value of N v used is 1-2 orders of magnitude higher [23] than the value we used here for P3HT. The J -V relation remains unchanged if N v = 10 20 cm −3 is considered provided that the fitting parameter H b changes from 4.7×10 18 to 1.3×10 19 cm −3 . At the present state of the art of the transport in organic materials, the values of material parameters are not uniquely determined. Therefore the values of the parameters used by us are reasonable. Jain et al [11] studied the J -V characteristics of an ITO/MEH-OPV5/Al Schottky diode up to 10 V. The values of H b and p(0) in this sample are 6 × 10 16 and ∼10 18 cm −3 , respectively. According to our theory for this sample it is expected that first the current will follow the V 2 law for a considerable range of applied voltage and finally at very high voltages it will follow Ohm's law. The experiments have been performed only up to 10 V. As expected, the experimental data follow the V 2 law from 3 to 10 V. Experiments have not been performed at very high voltages, therefore Ohm's law was not observed. Our theory suggests that if the experiments were performed at higher voltages for this sample, Ohm's law would have been observed.
Conclusion
Recent experiments indicate that the approximation of zero Schottky barriers in conducting organic diodes is not valid in several cases. Furthermore, measurements have been made at high voltages where no analytical theory for currents is available at present. We have developed an analytical theory, which gives V TFL and the J -V characteristics beyond the V TFL . The theory shows that if injected carrier density p(0) is less than the effective trap density H b , beyond TFL Ohm's law is obtained at high voltages. On the other hand, if p(0) is more than H b , first Mott's V 2 law is obtained at high voltages but ultimately current follows Ohm's law at higher voltages. Thus if p(0) is not infinitely large, Ohm's law is always obtained in the limit of very high voltages. The carrier profiles have been calculated at different currents. When Ohm's law is applicable the carrier profile becomes constant (p(0)) with x. On the other hand, when Mott's V 2 law is applicable the carrier profile varies as 1/ √ x. Our experiments for MEH-PPV and P3HT show very good agreement with the theory for p(0) less than H b .
